INTRODUCTION
. The activation of "executioner" caspases is responsible for the proteolytic degradation of a broad spectrum of intracellular structural proteins (Fischer et al., 2003) .
Caspase-3 has been considered to be the most important of the executioner caspases, which is generally contributed to the proteolysis of structural proteins in apoptotic cells (Elmore, 2007) . In our previous study, we demonstrated that apoptosis occurred during conditioning in bovine muscles (Cao et al., 2010) . Kemp et al. (2006a,b) detected the active caspase-3 and cleaved poly (ADP-ribose) polymerase (PARP) fragments in postmortem porcine muscles. Chen et al. (2011) and Huang et al. (2011) indicated that the active caspase-3 was associated with degradation of chicken myofibrillar proteins. These contradicted with another study in bovine longissimus thoracis and sternomandibularis muscles, which failed to detect the cleaved caspase-3 fragment (Underwood et al., 2008) . Therefore, there is a need to conduct further research to verify pro-caspase-3 cleavage in bovine muscles during storage.
Caspase-3 can be activated by a caspase-9-mediated intrinsic pathway involving the release of cytochrome c from mitochondria (Thornberry and Lazebnik, 1998) as well as a caspase-8-mediated extrinsic pathway involving death-receptor family proteins (Ashkenazi and Dixit, 1998) . Roy et al. (2001) reported autolytic activation for pro-caspases -8 and -9, but pro-caspase-3 appeared to be particularly resistant to activation by autolytic mechanism. The activation of "initiator" caspase-8 or -9 was a decisive step for the activation of "executioner" caspase-3 in the medicinal publication (Krammer, 2000) . However, the possible pathways involved in the activation of caspase-3 during conditioning are still unclear.
In an effort to further understand the tenderization mechanism of beef and the activating process of the "executioner" caspase-3, the current study was conducted to determine the cleavage by Western blotting and postmortem proteolytic activities of caspases -8, -9, and -3 by standard substrates and to establish the correlation between caspase-3 activity with caspase-8 and -9 activities as well as with shear force values in LM, psoas minor (PM), and semitendinosus (STN) muscles of bulls during postmortem conditioning.
MATERIAL AND METHODS
Animals in the studies were humanely handled according to the requirements of National Standards of P. R. China Operating Procedures of Cattle Slaughter.
Animals and Samples
Animals handling and sample taking were done as described previously (Cao et al., 2010) . Briefly, 5 crossbred bulls (Simmental× local Chinese yellow cattle in Anhwei province) of 22 to 24 mo having BW of 450 ± 50 kg were slaughtered from a local processing plant. After 30 min of animal exsanguinations, approximately 20 g core samples were taken from LM from 5th to 11th thoracic vertebrae and PM and STN from the right side of carcasses and frozen rapidly in liquid nitrogen until required for biochemical analyses. The samples at 30 min were considered as samples at 0 h postmortem. After samples at 0 h were taken, LM muscles were dissected from fifth to 11th thoracic vertebrae on the right side of carcasses; PM and STN muscles were dissected immediately from the right side of carcasses, exposed to air, and stored at the temperature of 4°C. In terms of different sampling points (0, 4, 24, 48, 96 , and 168 h), about 20 g of muscle samples were over-wrapped with aluminum foil, frozen, and stored in liquid nitrogen for later caspases activity analysis. Furthermore, fresh muscle samples taken at 4, 24, 48, 96, and 168 h were used for shear force measurement.
Shear Force Measurement
Warner-Bratzler shear force measurement was determined in raw meat as described by Torrescano et al. (2003) with slight modification. Samples strips (100 mm by 10 mm by 10 mm) of muscles stored at 4°C were taken; the fiber direction of strips was parallel to the longitudinal dimension. Strips from each sample were placed under Warner-Bratzler shear blade on XL1155 equipment (Xielikeji Co. Ltd., Herbing, China) for shearing perpendicularly to the longitudinal axis of muscle fibers to determine peak force values. The mean value of peak force values of 9 strips from the same muscle sections were considered as shear force values.
Measurement of Caspase-8, -9, and -3 Activities
Frozen samples (200 mg) were taken from liquid nitrogen, pulverized, and homogenized on ice in 0.5 mL lyses buffer consisting of 100 mM HEPES (pH 7.5), 10% sucrose, 0.1% NP-40, 10 mM dithiothreitol (DTT), and a commercial protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN). Homogenates were subjected to 3 cycles of freeze-thaw (freezing was treated at -20°C for 1 h and then thawing was treated at 4°C for 3 h) before centrifugation at 18,000 × g for 30 min. Twenty microliters supernatant was combined with 0.2 mL of protease assay buffer [10% sucrose, 0.1% CHAPS, and 100 mM HEPES pH 7.5], and then 5 μL reconstituted Ac-IETD-AMC (Biomol, Ann Arbor, MI), Ac-LEHD-AMC (Biomol), or Ac-DEVD-AMC (Biomol) substrate was added for caspase-8, -9, or -3, respectively. The mixture was incubated for 1 h at 37°C. Fluorescence values were measured using excitation and emission wavelengths of 360 and 460 nm by a 96-Well Plate Reader (Tecan M200; Tecan Group Ltd., Grödig, Austria), respectively. The protein content of supernatant was determined using a bicinchoninic acid (BCA) protein assay kit (number 23225, Pierce; Thermo Scientific, Waltham, MA). Results were calculated as arbitrary intensity of fluorescence per microgram of protein.
Protein Extraction from Whole Tissues, SDS-PAGE, and Western Blotting
Four hundred milligrams of frozen muscles taken from liquid nitrogen was homogenized in 3 mL of RadioImmunoPrecipitation Assay (RIPA) buffer [50 mM TrisHCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% NP-40, 0.1% SDS, 1% sodium deoxycholate, and 1 mM phenylmethylsulfonyl fluoride (PMSF)] with a mortar (Nanjing University Scientific Co. Ltd., Nanjing, China). The samples were centrifuged at 14,000 × g for 10 min at 4°C. The protein content of supernatants was determined using a BCA protein assay kit (number 23225; Pierce); protein samples were mixed 1:1 with 2 electrophoresis sample buffer (0.125 M Tris-HCl, pH 6.7, 15% glycerol, 5% SDS, 10% β-mercaptoethanol, and 0.2% bromophenol blue), heated to 90°C for 4 min, and stored at -80°C for glyceraldehyde-3-phosphate dehydrogenas (GAPDH), caspases -3, -8, and -9, and PARP Western blotting assay.
Protein samples (100 µg) were run on a 12.5% SDS-PAGE and transferred to polyvinylidene fluoride membranes (Immobilon-P, Millipore, Bedford, MA). Membranes were blocked in Tris-buffered saline-Tween (TBST) solution (50 mM Tris, 150 mM NaCl, and 0.05% Tween-20, pH 7.4) containing 5% dry milk for 1 h at 25°C and incubated with primary antibody for 24 h at 4°C. Primary antibodies were obtained from these sources: rabbit anti-caspase-9 (AAP-149) from Stressgen (San Diego, CA), rabbit anti-caspase-3 (C8487) from Sigma (St. Louis, MO), rabbit anti-PARP (number 9542) and caspase-8 (number 9496) from Cell Signaling (VA), and goat anti-GAPDH (A00191) from Genscript (Nanjing, China). The primary antibodies were diluted by 1:200 for caspases -8, -9, and -3 whereas 1:500 for PARP and GAPDH with TBST solution containing 5% dry milk. Appropriate horse radish peroxidase (HRP)-conjugated secondary antibodies were diluted by 1:1000 with TBST solution containing 5% dry milk. Membranes were incubated with their respective HRP-conjugated secondary antibody for 1 h at 25°C. After 4 further washing steps (3 times in TBST solution and once in water), the blot was developed with Sigma Fast DAB (3-3′-diaminobenzidintetrahydrochloride) and Metal enhancer (CoCl 2 ; D-0426; Sigma). The band intensity of Western blot was analyzed by specialized software and a microcomputer (Quantity One Quantitation Software, Bio-Rad Laboratories, Hercules, CA).
Statistical Analysis
General ANOVA procedure (Duncan's Multiple Range Test; SAS Inst. Inc., Cary, NC) was used to determine significant differences in shear force values and caspase-8, -3, and -9 activities during postmortem conditioning and the expression of 18 and 20 kDa caspase-3, 22 kDa caspase-8, 23 kDa caspase-9, and 24 and 36 kDa PARP among muscles. Pearson correlation analyses were performed to determine the correlation between caspase-3 activity with those of caspases -8 and -9 and shear force values.
RESULTS

Shear Force Values
Shear force values varied among various muscles with STN muscles exhibiting the greatest values whereas PM remained the least during storage (Fig. 1) . The level of significance among muscles at 4, 24, 48, 96, and 168 h was P < 0.05, P < 0.01, P < 0.05, P < 0.001, and P < 0.05, respectively. The decrease of shear force values was significant in PM (P < 0.01), LM (P < 0.01), and STN (P < 0.05) until 48 h, with a percent decline of 48.8, 32.3, and 42.4% in PM, STN, and LM muscles, respectively; however, it was nonsignificant during later storage.
Western Blotting
The 35 kDa GAPDH (2a), 22 kDa caspase-8 (2b), 23 kDa caspase-9 (2c), 32, 20, and 18 kDa caspase-3 (2d), and 36 and 24 kDa PARP protein fragments (2e) were detected at 24 h postmortem in whole muscle homogenates by SDS-PAGE and immunoblotting with specific antibodies ( Fig. 2 ) whereas they were expressed by Western blot analysis as 22 kDa caspase-8, 23 kDa caspase-9, and 20 and 18 kDa caspase-3 as well as 36 and 24 kDa PARP fragments at 24 h (Table 1) . There was greater expression of 18 kDa caspase-3 in PM than in the LM and STN muscles (P < 0.001); 22 kDa caspase-9 protein concentration in PM was lower than the 1 in STN (P < 0.05). The expression of 36 and 24 kDa PARP, 20 kDa caspase-3, and 22 kDa caspase-8 were not significantly different among muscles at 24 h (P > 0.05).
Caspases Activities
Caspases activities in PM, STN, and LM muscles during storage are shown in Table 2 . The greatest activities of caspases -8 and -9 appeared at 4 h whereas that of caspase-3 was at 24 h. Caspase-3 increased from 0 h to 24 h and then decreased from 24 h to 48 h in muscles (P < 0.001 in muscles). There was a negative correlation between caspase-3 activity and shear force at 24 and 48 h in STN (r = -0.67, P < 0.01 at 24 h; r = -0.79, P < 0.01 at 48 h), PM (r = -0.84, P < 0.001 at 24 h; r = -0.59, P < 0.01 at 48 h), and LM muscles (r = -0.49, P < 0.05 at 24 h; r = -0.61, P < 0.01 at 48 h).
In PM muscle, caspase-8 increased from 0 h to 4 h and then decreased from 4 h to 24 h (P < 0.001) whereas the activities increased from 0 h to 4 h and then kept the greatest activities from 4 h to 24 h storage and decreased from 24 h to 48 h in STN (P < 0.001) and LM (P < 0.01) muscles. Caspase-9 activities increased from 0 h to 4 h and then decreased from 4 h to 24 h in 3 muscles (P < 0.001 in muscles). The caspase-9 activity correlated positively with caspase-3 at 4, 24, and 48 h in STN (r = 0.78, P < 0.01 at 4 h; r = 0.51, P < 0.05 at 24 h; r = 0.74, P < 0.001 at 48 h) and at 4 and 96 h in PM (r = 0.89, P < 0.001 at 4 h; r = 0.57, P < 0.05 at 96 h) and LM muscles (r = 0.76, P < 0.001 at 4 h; r = 0.89, P < 0.001 at 96 h). The caspase-8 activity correlated with caspase-3 at 4, 48, and 96 h in STN (r = 0.53, P < 0.05 at 4 h; r = 0.69, P < 0.001 at 48 h; r = 0.57, P < 0.05 at 96 h), at 4 and 24 h in PM (r = 0.71, P < 0.001 at 4 h; r = 0.49, P < 0.05 at 24 h), and at 4 and 96 h in LM muscles (r = 0.81, P < 0.001 at 4 h; r = 0.69, P < 0.01 at 96 h).
DISCUSSION
The 1991 National Beef Tenderness Survey determined that 17.5% of rib and loin cuts, 40.8% of chuck a-c Within a column, means without a common superscript differ (P < 0.05).
Figure 2.
Replicate Western blots of bovine whole skeletal muscle homogenates probed for (2a) glyceraldehyde-3-phosphate dehydrogenas (GAPDH), (2b) caspase-8, (2c) caspase-9 (2d) caspase-3, and (2e) poly (ADPribose) polymerase (PARP) in LM, semitendinosus (STN), and psoas minor (PM) muscles at 24 h postmortem. Protein (100 µg) was loaded on each lane. Lanes 1, 2, and 3: LM muscle; lanes 4, 5, and 6: STN muscle; and lanes 7, 8, and 9: PM muscle. The major bands are indicated by the arrows. cuts, and 35.8% of round cuts had shear force values that were indicative of an "unacceptable" level of tenderness (Morgan et al., 1991) . Numerous reports indicated that the postmortem conditioning resulted in an improvement of beef tenderness (Dutson and Lawrie, 2007) . Our results indicated a significant decrease in shear values during 2 d of conditioning, suggesting a significant improvement of beef tenderness. The results were similar to an earlier observation, where it was reported that 39.5% reduction in shear forces occurred in LM of bulls and steers from first to third day of conditioning (Calkins and Seideman, 1988) .
The effect of conditioning on meat tenderness was attributed to degradation of structural proteins (Ahn et al., 2003) . Previously, the protease caspase-3 was reported to be associated with proteolysis involved in meat conditioning (Kemp et al., 2006a,b) . Our results showed that 32 kDa pro-caspase-3 was cleaved into 2 active p18 and p20 in muscles after 1 d of postmortem conditioning. The results differed from that of Underwood et al. (2008) , who failed to detect the active caspase-3 fragments in longissimus thoracic muscle of steers. Kemp et al. (2006b) found the cleavage of pro-caspase-3 into a p20 but no p18 at 5 min in porcine skeletal muscle. During postmortem conditioning in bull muscles, we observed an increase in caspase-3 proteolytic activity. The cleavage of 24 kDa PARP fragment is an indicative of caspase-3 activity (Shah et al., 1996; Duriez and Shah, 1997) . The results indicated that the postmortem ischemia/hypoxia environment induced the activation of caspase-3. At 24 and 48 h, caspase-3 correlated with shear force negatively in muscles. It indicated that caspase-3 is associated with the acceleration of intracellular proteolysis and the decline of shear force in bovine muscles during postmortem early conditioning.
The significant increases in caspase-8 and -9 activities after slaughtering in bovine muscles were consistent with the results in the hypoxic cell model. Khurana et al. (2002) indicated that caspase-3, -8, and -9 activities were significantly greater in hypoxic cerebral cortex of newborn piglets than in control. Previous reports have shown that caspase-8 or -9 activities increased during hypoxia because of modification of active sites of cysteine residues, either by oxidation or by nitrosylation (Numagami et al., 1997; Maulik et al., 1998) .
In receptor mediated apoptosis, the active caspase-8 represents a point of commitment to activate caspase-3. After ligand binding and recruitment by Fas-associated death domain (FADD), pro-caspase-8 can be activated by self-cleavage or cleavage by another caspase-8 molecule (Muzio et al., 1998; Kaufmann and Earnshaw, 2000) . At the death inducing signaling complex (DISC), caspase-8 is initially processed into an intermediate species 40/36 kDa, which is subsequently cleaved into a similar 23 kDa fragment (Colucci et al., 2007) . In the present study, procaspase-8 was cleaved into an active p22 fragments after 24 h of postmortem conditioning; caspase-8 activity increased during storage. In addition, caspase-8 activity was positively correlated with caspase-3 activity throughout storage in both PM and STN muscles. These results suggest that the postmortem ischemia/hypoxia environment induces the activation of caspase-8; thus caspase-3 appears to be activated by a caspase-8-mediated extrinsic pathway.
A caspase-9-mediated intrinsic pathway has also been reported to be involved in the activation of caspase-3 (Thornberry and Lazebnik, 1998) . Pro-caspase-9 is activated when a complex is formed with the cofactor Apaf-1 through the caspase recruitment domain (CARD). The complex cleaves pro-caspase-9 (37 or 46 kDa) into a large subunit (20 to 23 kDa) and a small (10 kDa) by self-cleavage (Solary et al., 2001) . In the present study, the detection of 23 kDa caspase-9 cleaved subunit by active antibody was in line with these results. A similar caspase-9 active fragment was reported by (Shiozaki et al., 2002) . The increase of caspase-9 activity and its correlation with caspase-3 demonstrated that postmortem ischemia/hypoxia environment induces the activation of caspase-9, which mediated the caspase-3 activation by an intrinsic pathway in PM, STN, and LM muscles.
In our present study, the cleavage of pro-caspase-3 appeared to be mediated by both caspase-8 and -9 pathways in LM, STN, and PM muscles during postmortem storage, which was in agreement with data published in hypoxia-induced neurons (Zhang et al., 2003) , in hypoxia/reoxygenation induced mouse lungs endothelial (Wang et al., 2004) , in hypoxia-mediated oral carcinoma cells (Nagarajah et al., 2004) , and in animal models of brain ischemia (Gibson et al., 2001 ). However, more detailed studies are needed to define the precise mechanism for cleavage of pro-caspases -8 and -9 in muscles during the postmortem ischemia/hypoxia environment.
We also detected a 36 kDa PARP cleaved fragment, which was reported be a unique fragmentation exhibited in necrotic cells (Duriez and Shah, 1997) . The 36 kDa cleaved fragmentation of PARP has been determined to be a degraded product by purified µ-calpain (Sprick et al., 2000) . The necrosis-specific degradation of PARP demonstrated that calpain-mediated proteolysis occurred in bovine muscles during postmortem conditioning.
Conclusion
In conclusion, the improvement of tenderness in beef occurred at 48 h; "executioner" caspase-3 was associated with the acceleration of intracellular proteolysis and decline of shear force; the activation of caspase-3 during postmortem hypoxic environment was mediated by "initiator" caspases -8 and -9 in bovine muscles. In addition, the detection of a 36 kDa µ-calpain-cleaved PARP fragment demonstrated the presence of calpain-mediated proteolysis.
